Recently, there has been a lot of interest in using gold nanoparticles (GNPs) for biomedical applications due to their biocompatibility. To increase GNP cell uptake and circulation half-life, and to improve its bio-distribution in vivo, we chose to coat GNPs with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1 -rac-glycerol) (sodium salt) (POPG) and polyethylene glycol (PEG). Two different methods were used to synthesize POPG-GNPs or PEG-GNPs, but the resulting nanoparticle sizes and morphologies were similar. Under the same incubation conditions, POPG-GNPs can be uptaken quicker than PEG-GNPs by cells-specifically, the maximum uptake was 8 h versus 16 h after incubation. In addition, the uptake amount of POPG-GNPs was more than that of PEG-GNPs. The uptake processes were confirmed by SEM and TEM images. The main reason for the greater uptake of POPG-GNPs can be attributed to the structural similarities between the POPG coating and the cell membrane as well as GNP aggregation.
Introduction
Functional nanomaterials have recently attracted a lot of research interest due to their broad biological applications, not only as potential gene and drug delivery carriers but also as diagnostic agents [1] , contrast or therapeutic agents [2] . For instance, functional gold nanoparticles (GNPs) can be used as nanomaterials to effectively treat tumor cells [3] . The effect of the GNPs' size, shape [4] [5] [6] and surface charge [7] on intracellular uptake, cytotoxicity, and gene expression have been extensively investigated [8, 9] . However, there is little research on the effect of GNPs' surface functional chemicals on intracellular uptake. Chen et al observed a significant difference in uptake for different surface coatings, such as coating agents terminated with COOH, NH 2 , and PEG (polyethylene glycol) functional groups [10] . Ehrenberg et al concluded that the uptake does not depend on the identity of the proteins adsorbed on the particle surfaces, but on the capacity of the surfaces to bind proteins [11] . Hussain et al reported the uptake of metal oxide's surface chemical composition [12] . However, due to exposure to high ionic concentrations and high protein content, GNPs can sometimes aggregate in cell culture media [13] . Cho et al explored the effect of sedimentation and diffusion on cellular uptake of GNPs by the upright and inverted cell culture method [14] .
For polyethylene glycol (PEG) coated GNPs (PEGGNPs), different research results were reported. Free et al presented a method for surface functionalization with PEG to prevent nonspecific interactions of serum proteins with nanoparticles and suggested that PEG plays a strong role in reducing nanomaterial interaction with cells [15] . Eghtedari et al reduced the nonspecific binding of herceptin-coated nanorods by combining PEG, specifically recognizing cancer cells [16] . Liu et al reported no significant cell uptake of 10 nm GNPs coated with PEG, but high uptake for 4.7 nm pegylated GNPs in CT26 [17] . Nativo et al found that no uptake of 16 nm nanoparticles in HeLa cells was observed if these particles were coated with a ligand shell terminated with tetraethylene glycol [18] . Gu et al observed a very slow uptake of 3-4 nm gold nanoparticles that had been functionalized with PEG using a two-step functionalization process [19] . For phospholipid coated GNPs, He and Zhu studied phosphatidyl choline-assisted synthesis of size-controlled GNPs [20] . They used a seed growth method to synthesize maximum 30 nm GNPs. Bakshi et al studied phospholipid assisted GNP growth [21] more generally and found shape directing effects depending on the phospholipid type. Lee et al synthesized functional cationic phospholipid-gold nanoplasmonic carriers, and biomolecules could be adsorbed onto or incorporated into the cationic phospholipid bilayer membrane [22] . Chithrani et al reported cellular uptake and transport of gold nanoparticles incorporated in a liposomal carrier [23] .
The anionic phospholipid POPG (1-palmitoyl-2-oleoylsn-glycero-3-phospho-(1 -rac-glycerol) (sodium salt)) is a small, but important component of many cell membranes, so a POPG coated GNP might interact passively with cell membranes. Therefore, we hypothesized that POPG coated GNPs (POPG-GNPs) should be easily adsorbed onto the cell surface and uptaken by cells. For comparison studies, we designed two methods to synthesize PEG-GNPs and POPG-GNPs, respectively. Their size and shape were similar according to TEM and UV-vis, but their surface chemical composition, coating structure and charge were different. The aggregated GNPs impacted the degree of uptake and cytotoxicity. The unwanted aggregates also affected the experimental reproducibility in biological applications and hindered the targeted delivery of nanoparticles into cells. In order to solve the previously mentioned problems, an F-12K medium was chosen to ensure that the GNPs did not aggregate during the in vitro cell experiment. We compared the uptake of anionic POPG-GNPs and PEG-GNPs and also characterized their structural differences by UV-vis, AFM and TEM. The MCF-7 cellular uptake kinetics was also studied. The more POPG-GNPs deposited on the cell surface, the more cells uptake POPG-GNPs, according to analysis of SEM images and TEM images for GNPs and total gold by ICP-MS analysis.
Materials and methods

Chemicals
The sodium citrate trihydrate, sodium borohydride, chloroauric acid and ascorbic acid used in this study were from SigmaAldrich. The RPMI 1640 medium, F-12K medium, phosphate buffered saline (PBS), Iscove's modified Dulbecco's medium (IMDM), fetal bovine serum and penicillin/streptomycin used were from GIBCO. The phospholipid 1-palmitoyl-2-oleoylsn-glycero-3-phospho-(1 -rac-glycerol) (sodium salt) (POPG) was purchased from Avanti Polar Lipids Inc. The thiol polyethylene glycol (PEG) was purchased from NANOCS company, with molecular weight 5000. The reagents for the MTT assay were part of the Vybrant R MTT Cell Proliferation Assay Kit (V-13154) (Molecular Probes).
Cells
MCF-7, a human breast adenocarcinoma cell line, was purchased from the American Type Culture Collection (ATCC HTB22, Rockville, MD, USA).
Synthesis of POPG-GNPs
The following procedures outline the synthesis of the phospholipid coated GNPs (POPG-GNPs) [21] . (1) Seed synthesis: 20 µl of 25 mM chloroauric acid was transferred to a clean 125 ml conical flask containing 10 ml of Milli Q high purity de-ionized water. 250 µl of 1% sodium citrate was transferred into the flask. Meanwhile, a 0.01 M solution of sodium borohydride (NaBH 4 ) was prepared by dissolving 0.0038 g of NaBH 4 powder in 10 ml of Milli Q water. 500 µl of the NaBH 4 solution was transferred into the reaction flask then allowed an additional 6 min to stir. (2) Synthesis of POPG-GNPs: 300 µl of the seed prepared above was transferred to a clean 125 ml conical flask containing 10 ml of Milli Q high purity de-ionized water. Meanwhile, a growth solution of gold and POPG was prepared by dissolving 0.0114 g of POPG and 282 µl of 25 mM chloroauric acid in 13 ml of Milli Q water; ascorbic acid solution was prepared by dissolving 0.0158 g of ascorbic acid in 10 ml of Milli Q water. 1 ml of the growing solution was transferred into the reaction flask, and then allowed an additional 8 min to stir. 200 µl of the ascorbic acid solution in total was transferred into the reaction flask and stirred for an additional 20 min. 1 ml of the growth solution was transferred into the reaction flask and again stirred for an additional 20 min. This step was repeated three times.
Synthesis of PEG-GNPs
(1) 1 ml of 75 mM chloroauric acid was transferred to a clean 125 ml conical flask containing 47 ml of Milli Q high purity de-ionized water with a condense. The solution was boiled for 10 min. 8 ml of 1% sodium citrate solution was transferred into this flask. The solution was stirred for an additional 30 min and cooled to room temperature. (2) 0.0116 g of thiol-PEG was dissolved into a 20 ml vial containing 10 ml of Milli Q water. 1 ml of the above GNP solution was transferred into this vial and stirred for 5 min. This vial was kept in 4 • C overnight. (3) The solution was centrifuged at 10 000 rpm for 30 min. The supernatant was discarded and the sediment was washed once using the same centrifuge conditions. The sediment was dissolved in 1 ml of Milli Q water.
Cell culture and experimental procedure
The MCF-7 cells were maintained in 10 cm tissue culture dishes in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cells were cultured in an incubator at 37 • C and 5% CO 2 . The medium was changed every two or three days. The MCF-7 cells were harvested by using 0.25% trypsin solution. After washing and re-suspending in F-12K medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 2×10 5 cells ml −1 , 1 ml of the cell suspension was seeded in a 35 mm tissue culture dish. After one day's incubation, the cell confluency was around 70%. The cell medium was renewed with the above F-12K medium. PEG-GNPs or POPG-GNPs were added to a final concentration of 8.6 µg ml −1 and incubated in 5% CO 2 at 37 • C for 2, 4, 6, 8, 16 and 24 h. The medium was removed, and the cells were washed using PBS twice. The MCF-7 cells were harvested by using 0.25% trypsin solution and centrifuged at 1200 rpm for 6 min. After washing and re-suspension in 400 µl PBS, the number of cells was counted. 1 ml of aqua regia was added to lyse the cells and the gold content was analyzed by ICP-MS (Perkin Elmer AS-91 automated sampling system) instrument. 
MTT experiment
RT-CES determination
The real time cellular electronic sensor (RT-CES) system (ACEA Biosciences, San Diego CA, USA) was described earlier [24, 25] . Briefly, it consists of a 16 microelectronic sensor device having 16 plastic wells in a microtiter plate format, a device station and an electronic sensor analyzer. In operation, the sensor devices with cultured cells were mounted to a device station placed inside an incubator at 37 • C and 5% CO 2 . Electrical cables connected the device station to the sensor analyzer. Under the control of the RT-CES software, the sensor analyzer automatically selected wells to be measured and continuously conducted measurements on wells. The electronic impedance could then be transferred to a computer and plotted. MCF-7 cells were planted in 16 plastic wells at 1 × 10 5 /well. After 20 h incubation in an incubator at 37 • C and 5% CO 2 , POPG-GNPs and PEG-GNPs were added into different wells to reach a series of concentrations.
Atomic force microscope (AFM) image
A small amount of sample solution was directly transferred dropwise onto a silicon wafer. The sample was covered and kept at room temperature until the solution was dry. AFM images were taken using a Veeco Multimode V SPM operating in tapping mode.
SEM image
The MCF-7 cells were fixed in 2% glutaraldehyde in 4% PEA/cacodylate buffer, pH 7.2, for 2 h at room temperature. After rinsing with PBS twice at room temperature, the specimens were dehydrated in graded ethanol series (50%, 70%, 90% and 100%) and in graded mixture series of ethanol and hexamethyldisilazane (HMDS) (75:25, 50:50 and 25:75). After dehydration, the specimens were kept overnight in 100% HMDS at room temperature. Finally, the specimens were coated with gold-palladium in a HUMMER 6.2 sputtering system. The specimens were examined using an XL 30 emission scanning electron microscope operated at 20 kV.
TEM image
The TEM images were taken using a Philips-FEI Morgagni 268 instrument, operated at 80 kV. 
Results and discussion
Synthesis and characterization of the POPG-GNPs and PEG-GNPs
The POPG-GNPs were synthesized using the seed growth method (figure 1). The gold seed was about 8 nm judging from the TEM image ( figure 1(A) ). The color of the POPG-GNP solution was normally red. The size of the GNPs was characterized by UV-vis spectrum ( figure 1(C) ). The maximum absorbance was at 524 nm, which showed that the average size was about 20 nm. From TEM images ( figure 1(B) ) and AFM particle size analysis ( figure 1(E) ), a similar conclusion was obtained. The GNPs were coated with POPG, but the POPG did not attach to the gold surface according to the scaled-up TEM image stained negatively ( figure 1(B), left) . There was a space between the POPG and GNP which showed that the POPG really formed a bilayer structure surrounding the GNP (refer to scheme 1). From the TEM image ( figure 1(B), right) , some aggregation phenomena were observed. There were two GNPs inside some bilayer structures. According to the AFM image ( figure 1(D) ), the morphology of the POPG-GNPs was oval, but the hydrodynamic radius was not uniform and the larger ones could reach 60 nm × 110 nm, containing more GNPs.
PEG-GNPs were synthesized by a reduction method of sodium citrate (figure 2). The color of the PEG-GNP solution was normally red. The PEG acted with the gold via a thiol functional group. The size of the GNPs was characterized by UV-vis spectrum ( figure 2(B) ). The maximum absorbance was at 525 nm, showing that the average size was about 20 nm. From the TEM images ( figure 2(A) ) and the AFM particle size analysis ( figure 2(D) ), a similar conclusion can be reached. The GNPs were coated with PEG attached to the gold surface according to the negatively stained scaled-up TEM image ( figure 2(A), left) . From the TEM image ( figure 2(A) , Scheme 1. Aggregation process of POPG-GNPs. right), no aggregation occurred. According to the AFM image ( figure 2(C) ), the morphology of the GNPs coated with PEG looked close to an oval shape with uniform hydrodynamic radius, and the size was about 70 nm × 100 nm.
Uptake kinetic comparison of POPG-GNPs and PEG-GNPs
POPG-GNPs or PEG-GNPs could be uptaken by the MCF-7 cells, but the maximum uptake varied with incubation time as shown in figure 3 . The maximum uptake of POPG-GNPs was at 8 h after incubation while that of PEG-GNPs was at 16 h after incubation. Almost no uptake was observed for PEG-GNPs if the incubation time was less than 6 h. However, the uptake of both POPG-GNPs and PEG-GNPs increased as the incubation time was prolonged. After 8 h of incubation, the uptake of POPG-GNPs decreased from a maximum of 36 × 10 −7 ppm down to 11 × 10 −7 ppm per cell. The PEG-GNPs reached their maximum uptake of 10 × 10 −7 ppm per cell after 16 h of incubation, then decreased to about 8 × 10 −7 ppm per cell after 24 h of incubation. Therefore, it seems that POPG-GNPs can enter cells more easily than PEG-GNPs, but are excreted quickly. In figure 3 , for the PEG-GNP sample, the uptake of the control cell was about 3.5%, the uptake at 4 h was about 4.5%, and the uptake at 6 h was about 2.5%. The 1% change may be from the averaged value produced from three experiments.
Cytotoxicity of POPG-GNPs and PEG-GNPs
MTT assay was performed to measure cell viability which can be used to evaluate the cytotoxicity induced by GNPs. RT-CES assay was performed to monitor cell growth in real time to evaluate the effects on cell proliferation induced by the GNPs. The results generated from both MTT and RT-CES assays (figures 4(A) and (B)) indicated that no significant cytotoxicity was induced by either PEG-GNPs or POPG-GNPs at concentrations of less than 8.6 µg ml −1 at 48 h. The dynamic cell growth profile generated by RT-CES assay showed that neither PEG-GNPs nor POPG-GNPs induced significant effects on MCF-7 cell proliferation ( figure 4(B) ).
Uptake process comparison between POPG-GNPs and PEG-GNPs
PEG is biocompatible, so are PEG-GNPs. After the GNPs are covered by PEG, cells only recognize the PEG on the cell surface. Different experimental results have been reported for the uptake of PEG-GNPs [15] [16] [17] [18] [19] [20] [21] . Due to the similar structure of POPG and the cell membrane, the interaction between POPG and the cell membrane is stronger, leading to strong interactions between POPG-GNPs and the cell surface. This suggestion is supported by the SEM images in figure 5 .
A lot of POPG-GNPs attached on the cell surface after 3 h of incubation (figure 5, middle right), but almost no PEG-GNPs were found on the cell surface (figure 5, bottom right). In figure 5 , middle right, the sizes of the white spots are about 100-110 nm, similar to the hydrothermal radii of the POPG-GNPs in the AFM image ( figure 1(D) ). By comparing with the cell only image ( figure 5, top) , it can be seen that these white spots are POPG-GNPs. If these white spots are POPG-GNPs, there must be more POPG-GNPs than PEG-GNPs inside the MCF-7 cells. To support this hypothesis, sectional TEM images of MCF-7 cells after 8 or 24 h of incubation for POPG-GNPs and PEG-GNPs were taken. A lot of POPG-GNPs were found inside the MCF-7 cells after 8 h of incubation, and most GNPs aggregated ( figure 6(A) ). Aggregation of GNPs near the cell membrane is shown in figure 6 (B). Figure 6 (C) shows MCF-7 cells contacting PEG-GNPs 24 h after incubation. Most GNPs settled just inside but near the cell membrane, only a few GNPs entered inside the cells. It is worth noting that the GNPs did not aggregate. Figure 6(D) shows that two PEG-GNPs were uptaken by a cell, but another two PEG-GNPs were just on the cell surface. All the results are consistent with those in figure 3 , that is, POPG-GNPs can be quickly uptaken by MCF-7 cells but they aggregate more easily. On the other hand, PEG-GNPs are slowly uptaken by the cells but they exist as individual nanoparticles. Aggregation may be one of the main reasons for the greater POPG-GNP uptake. The TEM image of figure 1(B) shows that the GNPs have aggregated even before entering the cell, and two GNPs are covered by the same POPG bilayer. This phenomenon can be explained according to the phospholipid (POPG) structure. When the phospholipid acts as a capping agent for GNPs, the phospholipid plays an important role in forming a phospholipid bilayer surrounding the gold crystals. This phospholipid bilayer is partially permeable, capable of elastic movement like a fluid. When two nanoparticles collide, the fluid property of the phospholipid bilayer makes them move around and recombine with each other, making two GNPs aggregate (refer to scheme 1). Because of the strong thiol binding between PEG and GNPs, PEG-GNPs do not aggregate.
Conclusion
In this paper, POPG-GNPs and PEG-GNPs of similar particle size and shape were synthesized using two different methods. We observed that POPG-GNPs enter MCF-7 cells in much larger numbers and much faster than PEG-GNPs (8 h versus 16 h after incubation). We discovered that the better cell uptake of POPG-GNPs is due to their phospholipid structure, which results in GNP aggregation. The study can help us to choose suitable coatings for biomedical applications.
